Abstract: This paper investigates the effect of concrete degradation due to alkali-silica reactivity (ASR) and its effect on the performance of vertical concrete casks in the case of a hypothetical tip-over event. ASR is one of the major problems in certain concrete structures exposed to high relative humidity and temperature. Using the first order kinetic model, the mechanical and environmental effects of degradation are modeled for a dry-cask storage structure under the conditions that ASR is completely extended. Following the degradation, a tip-over impact simulation was performed and compared with that of an intact cask in terms of failure modes, damage patterns, stresses, and accelerations. It was seen that concrete crushing and shear banding are major failure modes in the cask with intact concrete, but in the case of the ASR affected cask, the concrete is fully damaged and a longitudinal crack which separates the cask into two parts propagates through the outerpack.
Introduction
Degradation of concrete limits the service life of structures. Creep and shrinkage due to moisture transfer in the early age of concrete and expansion due to thermal effects and alkali-silica reaction (ASR) may degrade the concrete properties. Dry cask storage structures in the form of thickwalled cylinders are widely used for storage of spent nuclear fuel. The US Nuclear Regulatory Commission provides regulations to investigate their performance under hypothetical events (Dilger et al. 2012; Halstead and Dilger 2006) . A dry cask structure needs to be designed to safeguard the internals under a tip-over impact scenario. Expansion of ASR gel between aggregate and cement paste reduces the stiffness and strength of concrete and may cause cracking (Champiri et al. 2012) . Substantial experimental work was performed by Larive (1998) to evaluate the ASR expansion in concrete. Similarly, work has been done to evaluate the tip-over impact performance of dry cask storage structures.
Many researchers worked on hypothetical events including tip-over, drop test and free drop test of concrete cylinders with different geometries. Gupta (1997) proposed a mathematical approach for tip-over simulation. He assumed a rigid pad and a single degree-of-freedom mass-spring system. Other researchers used finite element (FE) method which is now extensively applied for crash simulations. Since implicit time integration is not capable of simulating this contact-impact problem due to the convergence issues with regard to the large deformations and rotations and high nonlinearity, explicit time integration is generally used. Teng et al. (2003) used a dynamic explicit FEA code, named DYNTRAN (2008) for impact analysis of a cask. Elfahal (2003) performed an experimental and numerical study to investigate the size effect in normal and high strength concrete cylinders subjected to static and dynamic axial compressive loads. Lee et al. (2005) simulated the drop impact of a cask using LS-DYNA (Hallquist 2006) and ABAQUS (Hibbitt, Karlsson and Sorensen, Incorporated 2002) . Kim et al. (2007) studied shock-absorption characteristics of concrete pads for casks using ABAQUS explicit (Hibbitt, Karlsson and Sorensen, Incorporated 2002) . Champiri et al. (2015a Champiri et al. ( , b, 2016 investigated the behavior of a degraded concrete dry cask storage structure under drop test and tip-over event using LS-DYNA (Hallquist 2006) . However, the performance of a dry cask structure affected by ASR expansion under tip-over event has not been studied in detail to our knowledge.
Two general methods are presented in the literature to model the macroscopic behavior of ASR. One is a parametric model and the other is a chemo-mechanical coupling model. Léger et al. (1996) showed that the concrete expansion is a function of the compressive stress state, temperature, moisture, and reactivity of the concrete constituents. Considering a particular zone, m, in their model, the ASR induced strain is given by 
where F C , F T , F M , and F R are normalized expansion factors (between zero and one) corresponding to compressive stress (r c ) state, temperature, moisture, and reactivity, respectively, t is the time of reaction, CTMR m is the normalized ASR induced strain, and b m is a calibration factor to adjust the numerical results to the experimental results. Huang and Pietruszczak (1996) investigated the mechanical effects of ASR in concrete structures with the assumption that the progress of ASR is coupled with the degradation of mechanical properties. The expansion rate is controlled by the alkali content in the cement, the magnitude of confining stress and temperature. In their model, the degradation functions for Young's modulus, E, and compressive strength, f c , are defined as
where E 0 , f c0 are the initial values of Young's modulus and compressive strength, respectively, b 1 , b 2 are the material constants and f is the ASR index which is between 0 for undeveloped ASR to 1 for fully-developed ASR. Ulm et al. (2000) developed a chemo-elastic model for ASR kinetics and swelling effects. Farage et al. (2004) developed a smeared crack FE approach to analyze the ASR effects in concrete structures under certain loading and boundary conditions. Later, Fairbairn et al. (2005) also used the smeared crack method to predict the expansion of a concrete dam. Saouma and Perotti (2006) considered the effects of stress state on the ASR expansion of concrete assuming that relatively high compressive or tensile stresses inhibit ASR expansion due to the formation of microcracks and macrocracks that absorb the expanding gel. Multon and Toutlemonde (2006) investigated the effects of moisture distribution and stress state on the ASR-induced expansion in concrete. Comi et al. (2009) created a chemo-thermodamage model by combining the reaction kinetics and isotropic damage model. Bangert et al. (2004) developed an ASR chemo-hygro-mechanical model by defining three interacting components: the skeleton, the pore liquid and the pore gas in the porous media. Poyet et al. (2007) proposed another law of reaction kinetics for modeling ASR expansion considering the influence of water and temperature. In the following sections, the ASR swelling model is briefly reviewed. Then, the behavior of a concrete model in LS-DYNA (Hallquist 2006 ) is evaluated for the purposes of this study. Later, the modeling of the dry cask storage structure is introduced and tip-over event is simulated for the intact and degraded concrete outerpacks. The paper concludes with a discussion of the results and possible future studies.
Finite Element Modeling
2.1 Material Models 2.1.1 Alkali-Silica Reaction (ASR) Swelling Model This paper uses the first order kinetic approach to calculate degradation due to ASR for concrete outerpack which is based on Ulm et al. (2000) and Saouma and Perotti (2006) and the experimental work by Larive (1998) . A brief summary of this method is provided in this section. Further details are available in Champiri et al. (2018) . Ulm et al. (2000) stated that the first order ASR kinetics can be represented as
where n is the extent of the ASR reaction ranging from 0 (initial state) to 1 (fully developed), h is the temperature, and t c is the characteristic time of the reaction.
With some minor manipulations of Ulm et al. (2000) model, Saouma and Perotti (2006) showed that t c (n, h) can be obtained as 
in which I r is the first invariant of the stress tensor, f 0 c is the compressive strength of concrete, and s L (h, I r , f 0 c ) and s c (h) are two time constants of the ASR kinetics, and can be calculated based on the following equations:
and
in which h 0 is the reference temperature. Using the Arrhenius equation, the slopes U C and U L can be considered as activation energy constants of the characteristic time s c and the latency time s L , respectively, and Larive (1998) proposed the following ranges based on experimental studies:
The function f(I r , f 0 c ) represents the effect of compressive stress on the ASR reaction kinetics and can be calculated as:
where r I , r II , r III are principal stresses. Saouma and Perotti (2006) investigated the effect of volumetric stress on the parameter a in Eq. (11). Equation (11) shows that there is no effect of tensile stress on the reaction kinetics. Equation (4) is a nonlinear ordinary differential equation that can be solved implicitly using Newton-Raphson iteration of Euler backward integration according to 
where n n and n n?1 denote the ASR extent at time t n and t n?1 = t n ? Dt. After defining the increment of ASR extension, Dn, one can calculate the ASR volumetric strain at each state based on
where f 0 t denotes the tensile strength of the concrete, and r I is the major principal stress (the positive or the tensile one), COD is the crack opening displacement, r is the ratio between the hydrostatic stress and compressive strength of concrete, and e ? is the laboratory-determined maximum free volumetric expansion at the reference temperature h 0 and it equals to 0.00262 based on Larive (1998) . g(H) is a function of relative humidity in concrete, H, and follows
where the exponent m is an empirical constant. g(H) has a value between 0 and 1, and here for simplicity it is assumed equal to 1. The inside temperature for the dry cask structure is considered as 80°C and the outside temperature is 20°C in the entire of simulation. The symbol | represents ''or'' and indicates whether linear elasticity or a smeared crack approach is used. The function C t ðf 0 t ; r I jCODÞ defines the reduction of ASR expansion due to tensile cracking and it is given by
where c t is the fraction of the tensile strength beyond which the gel is absorbed by cracks and is a user input parameter in the simulation. C r is a residual ASR expansion retention factor for ASR under tension, COD max is the maximum crack opening displacement at the current Gauss point, and x c is the maximum COD in the tensile softening curve. C c in Eq. (13) accounts for the reduction in ASR volumetric expansion under compressive stresses and it is given by
where b is an empirical constant (between -2 and 2 according to Samoua and Perroti (2006) . ASR volumetric strain can be calculated with the reported equations and data. ASR strain tensor is built based on this volumetric strain and stress tensor at the time of calculation using weight functions introduced by Saouma and Perotti (2006) . The degradation of the modulus of elasticity, E, and tensile strength, f t , can then be calculated based on 
E(t; hÞ
where E 0 and f t,0 are the initial elastic modulus and tensile strength, respectively, and b E and b f are the corresponding residual fractional values when the concrete has fully reacted. These functions for elastic modulus and tensile strength are calculated for a fully developed ASR extension where n = 1, and implemented to the dry cask storage structures for tip-over contact-impact scenario as described in the following sections.
Continuous Cap Surface Model for Concrete
Several constitutive relationships are available in the materials model library of LS-DYNA (Hallquist 2006) . Damage and plasticity are the two important features for a realistic representation of the concrete behavior. The concrete models in LS-DYNA (Hallquist 2006) include Karagozian and Case model (concrete damage model, MAT-72) ( Brannon and Leelavanichkul 2009; Malvar et al. 1997) , the Riedel-Hiermaier-Thoma model (MAT-272) (Borrvall and Riedel 2011; Hansson and Skoglund 2002) , the BrannonFossum model (Fossum et al. 2004) , and the continuous surface cap model (CSCM, MAT-159) (Murray 2007) . Among these, CSCM has many applications in the literature (Bermejo et al. 2011; Champiri et al. 2015a Champiri et al. , b, 2016 Farage et al. 2004; Mousavi et al. 2016) as it uses only two parameters: uniaxial compressive strength and maximum size of aggregate in the simplest version while other material models need many input parameters. CSCM uses the Duvaut-Lions formulation (Simo et al. 1988) and it is a cap model with a smooth or continuous intersection between the failure surface and the hardening cap. The yield surface uses a multiplicative formulation to combine the shear (failure) surface with the hardening compaction surface (cap) smoothly and continuously. The smooth intersection eliminates the numerical complexity of treating a compressive ''corner'' region between the failure surface and the cap as shown in Fig. 1 . This type of model is often referred to as a smooth cap model or as a CSCM. Additionally, the rate effects are modeled with viscoplasticity. Since the user cannot control the full behavior of material model (softening, hardening, plasticity and damage) in the simplest version, International Journal of Concrete Structures and Materials the general version is used in this paper, which needs 44 coefficients. A parameter study is performed here to investigate the behavior of this material model under uniaxial compression, uniaxial tension and simple shear. The set of inputs for the material are given in Table 1 . In addition to the compressive fracture energy, there is another parameter called softening under compression, B which controls the post peak regime of the compressive behavior of concrete (see Table 1 for values). Similarly, the parameter which shapes the post peak behavior of concrete under tensile loading condition is, D, along with the tensile fracture energy. The material model was assigned to a single cube element with displacement boundary conditions on the top and symmetric boundary conditions on the two perpendicular sides (see Fig. 2 ). Roller supports, restraining the bottom of the element from moving in the load direction, were applied. Concrete shows strain hardening before reaching the maximum strength in compression. Hardening parameters, N H and C H , are not clearly investigated for CSCM material model. After calibrating this material model with experimental data , the values shown in Table 1 were proposed.
The analysis was implemented in LS-DYNA (Hallquist 2006) in the case of uniaxial compression and the results are presented in terms of stress versus strain, stress versus volumetric strain and damage evolution with respect to plastic strain as shown in Figs. 3, 4 and 5. The effect of the parameter, B, on the softening shape of CSCM is also shown. The results of Figs. 3, 4 and 5 show that the model has a realistic behavior. However, it is clearly seen that the lateral strains are too large relative to the experimental data ) since this material model uses an associate flow rule. It is expected to observe a higher value of lateral expansion in this material model compared to the experimental data ) which was confirmed from the analysis results. The value of 100 was selected for parameter B for further analysis which matches with the experimental data.
The tensile behavior of this material model under monotonic loading was also investigated. The boundary and loading conditions are shown in Fig. 6. Figures 7 and 8 show the behavior of CSCM under uniaxial tension. Additionally, the effect of parameter D on the softening of CSCM can be seen these figures. The value of 1.0 was selected for parameter D for further analysis which matches with the experimental data,
The performance of CSCM under simple shear was also studied. The boundary and loading conditions are shown in Fig. 9 . Figure 10 shows the behavior of CSCM under simple shear. The material model behaves elastic until 3 MPa, then it goes to the hardening regime and maximum shear strength is 4.5 MPa, ultimately it softens as shown in Fig. 10 .
The behavior of the model under different confinement levels is presented in Fig. 11 . As seen, this material model can predict a realistic behavior under low levels of confinement in the range of compressive strength of concrete. When the level of confinement increases, the strength of the material was increased largely. With 30 MPa confinement, which is around the compressive strength of concrete in the uniaxial compression test, the compressive strength reached to 130 MPa comparable to the experimental data (Montoya et al. 2006 ).
2.2
Geometry, Boundary Conditions and Meshing A 1/3-scale dry cask structure was selected to perform tipover simulation which was referred to in the literature (Champiri et al. 2015a (Champiri et al. , b, 2017 Hanifehzadeh et al. 2017) . The scaled down dry cask structure shows the same behavior as the prototype cask with added mass when dynamic similitude is applied (Champiri et al. 2017) . Dry cask structures are constructed of different parts which include: concrete outerpack, steel liner, base-plate, lid assembly and canister. Figure 12 shows different parts of the cask in this simulation. The geometric properties of the cask are summarized in Table 2 . The following assumptions were made here with regards to the modeling of the geometry: air outlet and inlet are not considered in this study; base plate was modeled as a solid cylinder. Equivalent mass density of this cylinder was calculated based on the weight of the actual base plate; and the canister was modeled as a rigid inclusion.
In the FE simulations, only half of model cask was considered due to symmetry. The following assumptions were made: extra weight for dynamic similitude was added to the 
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concrete part by increasing the mass density of concrete; all of cask parts were connected using master-slave type contact (penalty method); isotropic elastic-plastic material model was used for steel; and CSCM was used for the cask and pad concrete. The properties of the steel and concrete are given in Tables 3 and 4 , respectively. Isotropic elastic material behavior was assumed for the soil foundation. The modulus of elasticity, Poisson's ratio, and density of soil were taken as 34,500 MPa, 0.3, and 1.5 9 10 -4 g/cm 3 , respectively (Raheem and Joshaghani 2016; Raheem et al. 2017 ).
The cask is tilted to 35°as an initial condition (see Fig. 13 ). Surface to surface contact was used for concrete cask-pad, pad-soil, base plate-pad, canister-base, and canister-liner interfaces. Static and dynamic friction coefficients in the contact surfaces were taken equal to l = 0.3 for contact between steel parts and l = 0.45 for contact between concrete and steel parts (Funk 1989) . For contact between the cask, steel liner and the lid, tied contact surfaceto-surface offset was used to activate penalty method instead of constraint method. Penalty method was found to show less penetration between slave and master, and less mesh 
hour glassing in most cases than constraint method while both methods have similar computational cost (www.LS-DYNA-online.com). Penalty method consists of placing normal interface springs between all penetrating nodes and contact surfaces. A force modulus is computed for each slave and master segment based on the thickness and bulk modulus of the element in which it resides. This method results in less mesh hourglassing as compared to the other methods. The time step, Dt, is unaffected by the existence of the interface since the interface stiffness is chosen to be approximately the same order of magnitude as the stiffness of the interface elements. Friction phenomena exist whenever contacts occur. Friction may play an important role. Classical friction laws (linear dry friction) and non-classical friction laws (e.g., elasto-plastic friction) exist for modeling friction. Classical friction law has physical deficiencies since it allows small relative motion of two contacting bodies even if the friction force is less than l s N, where l s is the coefficient of static friction, and N is the normal force. The classical friction law ignores the dependence of friction coefficient on the relative sliding velocity. This dependency is significant when the relative sliding velocity is large. The actual coefficient of
-dc.v is assumed to depend on l s , l d , and dc, where l d is the coefficient of dynamic friction, dc is the exponential decay coefficient and considered to be 0 in this paper, and v is the relative velocity of the surface in contact and equal to v ¼ Internal and external forces are summed at each nodal point, and a nodal acceleration is computed by dividing by nodal mass. The solution is advanced by integrating this acceleration in time. The maximum time step is limited by the Courant condition, producing an algorithm which typically requires many relatively inexpensive time steps.
The displacement component in the circumferential direction of the nodes in the plane of symmetry was restrained. During the tip-over event, only the responses within near field of the soil foundation are of interest and stress waves should not be reflected (Raheem and Joshaghani 2016; Raheem et al. 2017 ). Thus, a thick layer of soil was considered so that the stress waves are not reflected. Figure 14 shows the boundary conditions of the tip-over simulation.
A fine mesh was used for tip-over simulation. Eighty elements were specified along the length of the concrete outerpack. As a result, each element had a size of 25 by 25 
Solution Techniques and Assessment Metrics
Hourglass mode was considered using the BelytschkoBindeman (1993) formulation of assumed strain co-rotational stiffness form for 2D and 3D solid elements with one integration point. This form is available for explicit problems in LS-DYNA (Hallquist 2006) . Hourglass energy, which is the work done by the forces calculated to resist the hourglass modes, was removed from the physical energy of the system. Hourglass energy was taken acceptable when it is less than 10% of the total energy (www.LS-DYNA-online.com). Sliding interface energy or contact energy is another impor tant issue in this problem. This energy should not be less than zero to satisfy the definition of the contact. In addition, it is recommended that this number should be less that 10% of the total energy (www.LS-DYNA-online.com). Rate effects should also be considered in impact-contact type problems. Therefore, the rate sensitivity of concrete was considered here for the CSCM (Murray 2007 ).
The internal time step of this analysis was 4.45E -08 s. This small number was chosen by LS-DYNA (Hallquist 2006 ) software because of explicit time integration of twobody contact and to properly apply the penalty method within the convergence limits. This simulation takes 2 days to complete using eight processors in parallel. Contact happened at time equal to 1.6482 s (corresponding to the maximum acceleration at tip of the cask) after starting tipover simulation from initial condition at 35°tilt. Figures 15  and 16 show the simulation at initial state and after impact by LS-DYNA (Hallquist 2006) software.
Elements can be deleted in LS-DYNA when they reach a failure criterion using MAT-ADD-EROSION option. Different failure criteria can be introduced with this keyword based on maximum principal strain, maximum shear strain, pressure, principal stress, and damage. In the literature, mostly, principal strain and shear strain were used for concrete structures. Some researchers also used tensile damage and tensile stress for evaluation of failure. An extensive literature review was performed here in order to find a suitable failure criterion for tip-over impact of concrete casks in LS-DYNA (Hallquist 2006) . Table 5 summarizes each work based on the mesh, failure criteria and type of the structural concrete (Coughlin et al. 2010; Farnam et al. 2010; Huang and Wu 2009; Islam et al. 2011; Shi et al. 2010; Tang and Hao 2010; Teng et al. 2003; Tu and Lu 2010; Wang et al. 2009; Wang et al. 2010; Wu et al. 2011; Xu and Lu 2006) .
A mesh size of 25 9 25 9 25 mm was used here, which is reasonable based on the literature review. Activating the element erosion algorithm makes the model run faster since some elements were deleted while performing the tip-over simulations.
It was discovered that using only the maximum compressive strength as an erosion criterion is not acceptable because the stiffness of the structure is highly decreased when the element is deleted, in other words, the stiffness of elements in the softening part is neglected. Then, a damage based criterion was tried. A damage parameter of 0.99 was used. However, it was seen that this criterion cannot capture the shear band and shear cracks correctly. Therefore, a combination of damage and maximum shear strain was used. Selecting a value for maximum shear strain is not straightforward and it is highly dependent on the material model. A value between 0.1 and 0.9 was reported in the literature (Coughlin et al. 2010; Morris et al. 2013; Wang et al. 2010; Xu and Lu 2006) . It was concluded that a value of 0.1 can better describe this criterion for CSCM during this contactimpact problem.
Results and Discussion

Tip-Over Analysis of Dry Cask Structure with Intact Concrete
The result of tip-over simulation is presented in this section in the form of contours of ductile damage (a scalar between 0 and 1 indicating the level of compressive damage of elements), contours of brittle damage (a scalar between 0 and 1 indicating the level of compressive damage of elements), contour of von-Mises stress, and acceleration at the tip of cask. Figure 17 shows ductile damage contours in different regions of the 1/3-scale intact cask. It is seen that the pad and edge of the cask in the contact area reach to the maximum ductile damage (0.99). Additionally, the opposite edge of the cask also shows ductile damage. Figure 18 shows the brittle damage contours due to tensile stresses in different regions of the 1/3-scale cask. The outer edge of the cask reaches the maximum brittle damage, while the other regions do not show any critical brittle damage. Figure 19 shows the contours of von-Mises stresses. The contact area reaches the maximum von-Mises stress at 78 MPa which is due to the triaxiality effect.
For numerical damping, global damping was adopted in all models in order to dissipate energy. The past literature recommends 0.5 as a global damping coefficient (LS-DYNA examples manual 2001; Morris et al. 2013) . Vertical acceleration time history is shown in Fig. 20 . Maximum acceleration reaches to 150 g at the tip of the cask on the opposite side of the contact area. This maximum acceleration can be verified by experimental studies, however, since the objective of this study is to make a relative comparison between the intact and the ASR affected concrete, and this coefficient is constant for both models, it is believed that the 
Failure Analysis of Tip-Over Analysis of 1:3 Model Dry Cask Structures
In this section, failure modes of the dry cask structure are investigated. The same geometry, boundary and initial conditions, and material properties as for the previous sections were used. The failure criteria described in Sect. 2.3 was adopted. Figure 21 shows the failure modes of the concrete after impact. As seen in the figure, concrete crushing is significant near the edge on the contact area. Shear banding is dominant near the outer edge of the cask and it is seen both from inside and outside of the cask. Several cracks were observed on the cask especially in the middle body and far from the edges. Figure 22 shows the contours of the absolute value of brittle and ductile damage (whichever amount is greater) in the concrete cask. Red areas in Fig. 22 show the maximum level of damage (brittle or ductile) where the elements are close to be eroded. Damage in the green area is about 0.5 (brittle or ductile). Blue areas remain undamaged during this tip-over simulation. Diagonal propagation of damage shows the importance of shear failure criteria introduced in the erosion algorithm described above in Sect. 2.3.
Tip-Over Simulation of Model Dry Cask Using the ASR Affected Concrete
The first order swelling model (Saouma and Perotti 2006; Ulm et al. 2000) , which was described briefly in Sect. 2.1, was implemented to determine the level of degradation for a fully extended ASR state in the dry cask structure. COM-SOL Multiphysics (2015) was used to model the ASR behavior of dry cask structure. For this purpose, only the concrete outerpack and the steel liner were considered. A 2D axisymmetric model was developed. The stress and strain components were calculated in all directions including axial (z), radial (r), and tangential (h) directions. Friction was applied between these two parts and the same coefficient of friction with the same value of 0.45 as in the tip-over impact case was used.
The gravity load was applied to the entire model and the outer and upper surfaces of the concrete outerpack had free boundary condition, therefore, initially the stress and strain were zero in the model. In order to capture the degradation of the concrete outerpack, mechanical and environmental effects were evaluated before the tip-over simulation starts. 
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Environmental effect of degradation was applied to the model through the strain tensor, as ASR induces strains into the concrete part, and because of the confinement, stresses develop in the model. Figure 23 shows the volumetric strain of ASR reaction, ASR axial strain, and ASR radial strain in the concrete part of dry cask structure along with the extension of ASR. Mechanical degradation was introduced by reducing the modulus of elasticity and tensile strength in the concrete model (Saouma and Perotti 2006) . As described earlier, degradation of the modulus elasticity and tensile strength of the concrete cask was calculated based on based on the first order kinetic approach (Saouma and Perotti 2006) for a fully developed ASR case following
where E 0 and and f t,0 were taken as 31,000 and 4.3 MPa, respectively. b E and b f were taken equal to 0.5 based on Saouma and Perotti (2006) . For fully extended ASR, E was obtained to be 15,500 MPa, where it was originally 31,000 MPa. Using the (2008), Here, the uniaxial compressive strength was calculated as f 0 c = 12.5 MPa, where it was originally 41.1 MPa. Additionally, the reduced the tensile strength was obtained as f 0 t ¼ 2:15 MPa ASR strain was computed in three orthogonal directions based on the first order kinetic model. It was shown that e r = e h =0.0087, and e z =0.0076. This initial strain was translated into LS-DYNA (Hallquist 2006 ) model as initial strains in form of the temperature gradient using different values for the thermal coefficient (a) in each direction.
Isotropic elastic-plastic material model was used for the steel part. CSCM, as introduced earlier, was used for mechanical behavior of the cask concrete and pad. The properties of the degraded concrete are summarized in Table 6 .
The internal time step of this analysis was 4.44E-07 s. This simulation took longer than the intact model since strain states were introduced to all the elements of the concrete outerpack. Contact happened at time equal to 1.2078 s (corresponding to the maximum acceleration at tip of the cask) after starting the tip-over simulation from the initial condition.
Figures 24 and 25 show the ductile and brittle damage contours, respectively, in different regions of the 1/3-scale cask. Figure 26 shows the contours of von-Mises stress.
Concrete crushing was observed as the dominant failure mode in this case and it was seen that most regions of the concrete outerpack are fully damaged in both ductile and brittle damage (red regions). Since the concrete is damaged due to ASR, shear banding does not occur at the same extent as for the intact cask. Additionally, it was seen that during this impact, concrete outerpack is divided into two parts through a large crack (see Fig. 24 ). The von-Mises stresses were reduced in the ASR damaged cask which is an indication that the elements are in the softening regime and they are de-stressed.
Time history of vertical acceleration is shown in Fig. 27 . Maximum acceleration was reduced to 100 g. Since the concrete outerpack is not stiff as the previous model, this reduction of the maximum acceleration was expected.
Conclusions
In this paper, the behavior of a dry cask structure damaged due to ASR was investigated in the form of damage, failure modes, stresses, and accelerations under a hypothetical tipover event. First, a study was done which considered the concrete part of the cask in intact condition with full strength and stiffness. Then, a degraded concrete outerpack due to ASR was considered where the environmental and mechanical degradations were calculated using the first order kinetic approach. The following conclusions are made by comparing these two cases:
• It was shown the intact dry cask is locally damaged under this tip-over scenario, where the edge of concrete in the contact zone crushes, and the other edge is exposed to the shear banding. Several cracks were observed also observed.
• When the ASR is fully developed in the concrete outerpack, a reduction of approximately 50% was observed for the modulus of elasticity and tensile strength.
• Environmental degradation due to ASR was calculated in the form of strain tensor and implemented in LS-DYNA (Hallquist 2006) in the form of temperature gradient before tip-over starts.
• Maximum acceleration at outer edge of concrete reaches to 150 g which reduces to 100 g when the stiffness is reduced due to ASR damage.
• Concrete crushing is the dominant failure mode in the case of fully expanded ASR where damage parameter reaches to 0.99 in the form of brittle damage and ductile damage in the entire structure.
• It was shown that a large crack divides the cask into two parts when the effect of ASR is considered in this hypothetical event.
